Damages are created in a sacrificial layer of silicon dioxide by ion implantation to enhance the etch rate of silicon-dioxide in liquid and vapor phase hydrofluoric acid. The etch rate ratio between implanted and unimplanted silicon dioxide is more than 150 in vapor hydrofluoric acid (VHF). This feature is of interest to greatly reduce the underetch of microelectromechanical systems anchors.
I. Introduction
The two main methods to fabricate microelectromechanical systems (MEMS) are bulk and surface micromachining techniques. In the case of bulk micromachining, fabrication of movable structures is accomplished by selectively etching away the handle substrate underneath the structural layers whereas in surface micromachining series of thin film depositions and selective etching of a particular layer of the stack named the sacrificial layer results in the final desired suspended microstructure. The crucial step to both MEMS fabrication methodologies is the control of the release area and thus the precise definition of the compliant mechanical structures anchors [1] as illustrated in Figures 1a and   1b , showing the underetch of the anchors.
Either wet or dry etching processes can remove the sacrificial layer, where using the former method stiction is encountered, the latter method introduces contamination or residues [2] . Important design considerations for the choice of sacrificial layer are: (i) uniformity and thickness control of the deposited film, (ii) ease of deposition, (iii) etch and deposition rate and (iv) temperature of deposition, as well as (v) etch selectivity. Photoresist has been used as sacrificial layer thanks to its ease to be etched (using oxygen plasma or organic solvents) without harming most of the structural materials [3] [4] [5] [6] . However, the processing is limited to low temperature and hence can be only used with metals as structural layers [1] . A wide variety of MEMS sensors and actuators presented in the literature [7] [8] use polysilicon as structural material with phosphosilicate glass (also called as phosphorous doped glass, PSG) as sacrificial. More recently, poly-silicon-germanium and polygermanium are being used as structural layers [9] . The great interest of Poly-SiGe is its relatively low deposition temperature of approximately 350°C compared to Poly-Si which is deposited at around 600°C. Poly-SiGe MEMS can then be co-integrated with CMOS integrated circuits in post-process [10] . Besides PSG and low temperature silicon dioxide, thermal silicon dioxide with the increased use of silicon-on-insulator (SOI) substrate as starting material for MEMS applications is used as sacrificial layer.
The release of a microstructure, such as a cantilever presented in Figs. 1a and 1b, is successfully achieved thanks to the isotropic etch of the underlying sacrificial layer. The release of the cantilever of a width W is completed when the sacrificial layer is laterally etched by a length of W/2 from both sides of the cantilever. Since the etching is isotropic an underetch of similar length, e.g. W/2, appears at the cantilever anchor. On one hand, the isotropic etch characteristic of the etchant (wet or dry) is mandatory to be able to laterally etch away the sacrificial layer underneath the structural layer and thus release it but on the other hand, the isotropic etch of the sacrificial layer is the cause of the anchor underetch. The patterning of the sacrificial layer prior to the deposition of the structural material can be used to overcome the underetch of the anchor region, as shown in Figure 1c for a clamped-clamped beam, but in that case, the structural material presents a step at the anchor regions. Besides the problematic of step coverage for the structural layer, this step raises the complexity of the anchor modeling and therefore the prediction of the mechanical or electromechanical behavior of the MEMS structure.
In this paper, we propose ion implantation into the buried SiO 2 sacrificial layer to locally modify the SiO 2 etch rate and thus properly define the oxide which must be selectively and isotropically etched away to release the microstructure and the oxide region which must sustain to assure the precise microstructure anchoring. The implanted oxide layer will be etched in either liquid or vapor phase HF. 
II. VHF etch of implanted silicon dioxide
Ion implantation is a process by which ions with high energy are introduced into another solid, thus changing the physical and chemical properties of the solid. The introduction of impurities in a semiconductor is the most common application of ion implantation. The three main consequences of ion implantation are: (i) breaking of covalent bonds, (ii) modification of internal stress due to the presence of substitutional atoms, and (iii) modification of semiconducting electrical properties by doping (substitutional atoms). In the case of SiO 2 , the breaking of covalent bonds between the oxygen and silicon atoms is the dominant phenomenon. The damages created in silicon dioxide enhance the reactivity to hydrofluoric acid (HF) and thus the increase of etch rate [11] - [17] . Selectivity of 3 between implanted and unimplanted silicon dioxide has been demonstrated with the use of wet HF [13] [16] and a selectivity of around 200 when vapor phase hydrofluoric acid is used [16] .
Hence, the use of VHF to selectively etch implanted silicon dioxide sacrificial layer regions can be seen as an interesting release methodology where the main advantages such as very high selectivity and dry release are readily exploited. Hereafter, we will present the release of Si cantilevers from a starting SOI wafer where the buried oxide (BOX) is locally implanted to properly define the release area and the anchoring regions ( Fig. 2) . A germanium (Ge) layer will act as implantation mask to protect the BOX in the anchoring regions. Ge is easily removed by immersing in a preheated solution of hydrogen peroxide at 55°C without affecting any other materials [18] . Once implantation is carried out, the implanted buried silicon-dioxide can be etched selectively with the use of wet HF or preferably VHF as shown in Figure 2b . 
III. Samples Fabrication
We would like to release Si microstructures as thin as 20 nm by partially etching away the BOX.
Complete process steps are illustrated in Figure 3 . The starting substrate is silicon-on-insulator wafer in the germanium layer are regions in the silicon-dioxide which will be implanted.
IV. Simulation and Experimental Results
The implantation step has been investigated by the mean of Monte-Carlo TCAD process simulations using the Taurus-Process software from Synopsys [20] . Figure 5a presents the 2-D profile of Arsenic in the BOX for the implantation parameters as stated above. Similar profiles have been obtained for P and B implantations. The purpose of the simulation is to estimate the etch profile as function of different process parameters and to compare it with the experimental counterpart. Basically, since the etching rate is expected to be engineered using ion implantation, one-dimensional (1-D) dopant distribution profile and the nuclear deposited energy have been estimated using crystal-trim [21] . Figure 5b presents the nuclear energy profile obtained for the different implantation species. The implantation energy has been defined so that the maximum is located at 100 nm below the silicondioxide surface for each species. Next, the etching rate has been calibrated as a function of the nuclear deposited energy using previous experimental results [22] . Subsequently, the variation of the etch rate as a function of the depth is estimated through the variation of deposited energy, and finally integrated as a function of etch time (Figure 5c ). Figure 5d shows the nuclear deposited energy as a function of the implanted depth for various implanted species into the silicon-oxide. It can be observed that simulations are in pretty good agreement with the experimental enhanced etching rate in the depth (thickness of the silicon dioxide). It has been shown in [16] that the nuclear deposited energy is the main factor for etch rate modification and the type of implanted species has a limited influence on the etch rate. The etch rate of implanted silicon dioxide does not change in HF-1% when the nuclear deposited energy is lower than 1x10 23 As can be clearly seen the simulations and the experimental results match very well. The simulation conditions used are very simple although the actual etch mechanism is more complex than what is realized. The simulation does not take into account the amount of water formed during the reaction which causes the etching. This is the reason that the etch depth is slightly larger than the depth indicated by the simulation. respectively. In both cases, 5 etch / rinse cycles are carried out with the final rinse at 35°C. As can be clearly seen, the etch depth is larger for etching carried at 55°C. This is due to the slower evaporation of water at 55°C, which is formed during the etching and which acts as a catalyst [16] . unimplanted. VHF etching is carried out in a sequence of etch and rinse cycles at 55°C for (a)-(d) and
at 75°C for (e)-(h), respectively. Figure 10 shows the VHF etch process for different etch and rinse cycles. Figure 10a-10b show the etching performed at 55°C for the implanted and unimplanted silicon-dioxide where the etch depth of 135 nm for implanted is obtained when compared to almost no etching for the unimplanted silicondioxide (etch rate ratio between implanted and unimplanted oxide of ~150 is observed). A sequence of etch and rinse for 10 mins each is performed. This selectivity is lost or reduced when a longer etch time of 30 mins is used as can be seen in Figure 10c-10d , which is attributed to the fact that for longer etch time the amount of formed water at the sample surface is larger when compared to the shorter etch time (10 mins for Figs. 10a and 10b) . In order to maintain a very high selectivity between
implanted and unimplanted SiO 2 , the best process would be to use shorter etch and rinse cycles. implanted and unimplanted oxide is maintained and this selectivity is lost for longer etch time due to the large amount of water formed. The ideal use of the implanted silicon-dioxide etched with VHF is demonstrated by simulation. Implantation of oxide layer can be seen as a technological mean to precisely define buried features such as trenches, cavities, etc. which are revealed using vapor HF. In practice, depending on the thickness of the structural layer and its sensitivity to possible caused damages, the implantation of the silicon dioxide sacrificial layer will be performed before or after the deposition of the structural layer.
